Scanning tunneling microscopy visualizations of quasiparticle interference (QPI) enable powerful insights into the k -space properties of superconducting, topological, Rashba and other exotic electronic phases, but their reliance on impurities acting as scattering centers is rarely scrutinized.
I. INTRODUCTION
Observations of quasiparticle interference (QPI) using scanning tunneling microscopy (STM) have become a powerful and increasingly common tool for the characterization of twodimensional carriers at crystalline surfaces. They have enabled some of the most spectacular discoveries in the field of high temperature superconductivity [1] [2] [3] and topological materials [4] [5] [6] . The discovery of topological insulators (TIs) has spurred the prediction and realization of numerous new quantum electronic phases in rapid succession, and exotic quasiparticles in TI, topological crystalline insulator (TCI) [7] , Dirac/Weyl semimetal (DSM/WSM) [8] [9] [10] [11] , and nodal-line semimetal materials [12] have all been subject to investigation using STM imaging of QPI.
Most QPI observations rely on scattering of electronic quasiparticles from scattering potentials usually provided by point defects, or occasionally by atomic steps or magnetic flux vortices induced in superconductors under high magnetic field [2, 13] . The scattering momentum-transfer vectors connecting initial and final quasiparticle states, q = k f -k i , are visualized using Fourier transform imaging of QPI modulations. The relative strength or suppression of various q-vectors is often used to infer attributes of the bands which are subject to selection rules governing scattering from initial to final states. Such selectivity has been exploited to explore the spin texture in spin-momentum-locked bands structures of topological and Rashba systems [4, [14] [15] [16] [17] [18] , and the symmetry and momentum-dependent sign of the order parameter in unconventional superconductors [1, 2, 13] . Aside from the special case of scattering from magnetic flux vortices, which are known to have scattering properties qualitatively different from simple Coulomb potentials [13] , impurities have until recently been treated as generic scattering centers, albeit with a relative scattering strength depending on the orbital character of the scattered band, or the different degrees to which impurity lattice sites coincide with a particular band's spatial charge density [16, 17] . On this view, the presence of any impurities is in principle enough to shed light impartially upon all the allowed scattering processes in q-space.
In this work, we visualize QPI phenomena in the bands at the surface of the Dirac semimetal ZrSiS. Moreover, we take this as a platform from which to examine unusual selectivity in the scattering of quasiparticle bands depending on the type of point defects providing the scattering center. Impurities at Zr and S lattice sites in ZrSiS do not just scatter with different strengths, they selectively scatter different bands. We find that this selectivity is not adequately explained in terms of the orbital characters of bands, and that a more detailed or more exotic explanation is called for. Generally, such impurity dependent scattering phenomena give a hint that the insights allowed by QPI observations might be highly contingent on the particular types of impurities or other point defects allowed by a given material's defect chemistry, and not in a way immediately obvious from the orbital characteristics of the bands in question. Furthermore, the discovery of this phenomenon suggests an avenue towards detailed control of quantum transport via control of quasiparticle scattering and lifetimes on the level of specific bands, through choice of substitutional impurities. These issues should motivate further investigation and the development a deeper understanding of the scattering process generally.
The current material in which this effect is observed, ZrSiS, is a Dirac nodal-line semimetal with a number of unusual electronic properties. While TI, TCI, DSM and WSM materials host isolated point-like band crossings of (ideally) linearly dispersive bands, nodal-line semimetals feature crossings between two bands which intersect, without a gap, along a line or a closed loop in the Brillouin zone (BZ) [19, 20] . In ZrSiS, a closed diamond shaped nodalloop-like feature traverses the BZ at energies near the Fermi level, but is in fact gapped by the spin-orbit interaction, while a separate open nodal-line is pinned to the BZ boundary, where it is protected by non-symmorphic symmetry [19, 21] . The bands emanating from the diamond shaped nodal-loop in ZrSiS have linear dispersion over a large energy range, extending over several eV. (The calculated bulk band structure can be found in the Supplementary Information [22] .) Several unusual transport phenomena associated with these band properties have been reported, including very large, anisotropic and non-saturating magnetoresistance [23] [24] [25] [26] [27] . For this work, the flatness and stability of the cleaved surface, the relative simplicity of the band structure's constant energy contours (CECs), and the variety and sparsity of points defects, make ZrSiS a neat platform for QPI measurements in general, and scrutinizing the role of defect chemistry in particular.
II. RESULTS

A. Overview of STM and QPI results
ZrSiS has a quasi-two-dimensional layered structure, depicted in Fig. 1(a) , belonging to the space group P4/nmm. Each layer is composed of a Si square net sandwiched by Zr, and further sandwiched by S layers. These quintuple-layer units stack along the c-axis and are bonded to each other by the van der Waals interaction. As indicated in Fig. 1(a) , cleavage occurs at the van der Waals bonded planes between adjacent S layers, resulting in a square (001) surface lattice of S atoms [19, 28] . A view of the surface-projected positions of each atomic sub-lattice is shown in Fig. 1(b) . Single crystals of ZrSiS were grown using a two-step chemical vapor transport method described previously [28] , resulting in rectangular platelets as shown in Fig. 1(c) .
For STM measurements, a ZrSiS platelet was cleaved at room temperature under a pressure of ∼ 1×10 −10 mbar before transfer into an Omicron LT-STM held at 4.5 K and under a pressure lower than 5 × 10 −11 mbar. STM measurements were performed using a chemically etched tungsten tip, and all dI /dV data were obtained using a standard lock-in technique with a modulation V rms = 10 mV. STM topography taken at the cleaved (001) surface, shown in Fig. 1(d) , reveals sparse point defects of different types, some appearing as a small bright 'box', and others as a 'hash' pattern. Close inspection shows that they are centered at different lattice sites with respect to the observed surface corrugation. Which atomic lattice (Zr, Si, or S) the observed corrugation corresponds to is a necessary reference from which to locate the various point defects, and will be returned to below. 
B. Identification of impurity lattice sites
Our first aim is to identify the nature of the two major types of impurity which cause the markedly different QPI modulations, marked by white arrows in Fig. 1 of density functional theory (DFT). All band structure and charge density calculations presented in this work were performed using the projector-augmented wave (PAW) method [32, 33] as implemented in the VASP package [34] [35] [36] , with the LDA exchange-correlation functional [37] , and without accounting for spin-orbit coupling (taken to be negligible in ZrSiS). In all cases, a Γ-centered Monkhorst-Pack k -point mesh [38] was used, and structural optimization was performed with a kinetic energy cutoff of 400 eV and an energy convergence criterion of 10 −5 eV. 8×8×4, 8×8×1 and 2×2×1 k -point meshes were used for the bulk case two cases for comparison with simulated STM maps, in which the positions of each atomic lattice are known from the outset. Simulated STM images were obtained from the partial charge density integrated over the energy range between E F and eV (which is noted in each respective image description), using the application of a simple Tersoff-Hamann model described previously [39, 40] . The tip-sample distances are ∼5Å and ∼2. We now ascribe scattering vectors q to each of the QPI signals visualized in the FFT images of Figs. 1 and 3 , with reference to the surface projected band structure and its CEC at the energy of E -E F = 0.5 eV. This CEC is plotted over the range of the 1 st surface BZ as in Fig. 4(a) , with red and orange arrows marking the transitions satisfying the main scattering vectors q 1,2,3 identified so far. To obtain such CECs, the spectral weight derived from the uppermost three atomic layers of the slab model was sampled using a 320×320 k -point mesh.
The contribution of the uppermost three layers was chosen to yield results comparable with Having identified the particular bands within which the q-vectors are nested, we are interested in the attributes of those bands which distinguish them from each other, and possibly render them susceptible in different degrees to scattering by specific defects. (We postpone for now any discussion of the distinguishing attributes of the defects themselves which allow them to couple more or less strongly to particular bands.) In principle, if the CEC is made up of bands formed from the orbitals of two different constituent elements of a material, then impurities on a particular element's lattice sites may selectively scatter the corresponding orbital sub-set of the CEC. This concept alone does not satisfactorily explain the selective scattering seen here. As is shown in Fig. 2(b) , the LDOS and CECs at the ZrSiS surface are formed almost entirely from Zr orbitals. We therefore look to the more detailed orbital make-up of the CEC by decomposing it into its five Zr 4d components. 
III. DISCUSSION
The scattered bands appear to exhibit no immediately obvious features which connect either one specifically to the Zr of S lattice sites, either in terms of their elemental orbital character (Zr 4d for all bands), or in terms of their spatial distributions across the lattice.
An explanation more focused on the defects' properties, rather than those of the bands may be fruitful instead (in which case band properties such as m might only be incidental to the actual mechanism). The form and symmetry of a given defect's Coulomb potential V def (r )
influences the corresponding potential matrix V def (q ) used in the standard T-matrix ap-proach to computing quasiparticle scattering patterns [18, 41, 42] scattering channels, such as the spin texture of bands, or the variations in sign of the superconducting order parameter, variables grounded in k -space. These observations rely on scattering from various defects providing a predictably uniform view on q-space. The results described here raise the possibility that in particular cases, such observations may in fact be highly contingent on the particular types of defect present (a materials chemistry problem).
At worst, one can imagine a hypothetical case where the defect chemistry leads to only a sub-set of the band structure being accessible to QPI observations, potentially limiting conclusions which can be drawn about the k -space band properties. In future experiments relying on QPI, the effect described here may need to be taken into account while interpreting QPI results to examine other forms of selectivity for scattering channels, especially in materials with very sparse defects, and in fact may be exploited when designing QPI experiments in the future. More broadly, this finding hints at an avenue towards the detailed engineering of quasiparticle scattering, lifetimes and transport properties on the level of specific targeted bands, by choice of substitutional impurities. Ultimately, it is hoped that this finding will help to spur developments of a more detailed theoretical understanding of the quasiparticle scattering process itself.
During the final stages of preparation of this manuscript, we became aware of another work based on QPI observations at the ZrSiS surface. See Ref. [43] .
images due to the 'set-point effect' (see Refs. [29] [30] [31] ) are seen to be negligible. The symmetrized FFT image of QPI shown in Fig. 1 (e) of the main article. We interpret the improved prediction of the measured data by the image in (c) as evidence of suppression of q 4 and similar scattering events, and an overall conservation of m.
SUPPLEMENTARY DISCUSSION
Conservation of quantum number m in quasiparticle scattering. Figure S4 above shows (a) the CEC at 0.5 eV, and comparisons of calculated nesting functions which (b) do not, and (c) do conserve m, to the experimental data (d). The experimental QPI is apparently consistent with the suppression of m-changing scattering events. This may be expected (at least for non-magnetic defects which cannot impart angular-momentum to the final quasiparticle state) according to the same rationale as for suppression of spin-flip scattering which has been demonstrated in QPI measurements of spin-polarized bands in topological and Rashba systems (see Refs. [4] [5] [6] [14] [15] [16] ). However, here we stress that the general conservation on m remains an assumption, and is not strictly demonstrated by the results presented in this work: As each type of defect selectively scatters a certain sub-set of the CEC, and the underlying mechanism for selectivity is not yet known, the orbital character of the bands might be only incidental to the selectivity (and this might be true in general, not only in the current system). In future, and in continually emerging systems suitable for QPI observations, it is still worthwhile to remain attentive to the possibility of observing m-changing scattering events.
